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a b s t r a c t
Exposure to bovine viral diarrhea viruses (BVDV) results in acute and persistent infections. Persistent
infections result from in utero exposure during the ﬁrst trimester of gestation. Clinical presentation, in
persistently infected cattle (PI), is highly variable. The reasons for this variation is largely unknown. The
BVDV circulating in PI exist as quasispecies (swarms of individual viruses). An outbreak resulting in 34 PI
cattle presented an opportunity to compare a large number of PI's. Methods were developed to compare
the circulating viral populations within PI animals. It was found that PI animals generated in the same
outbreak carry circulating viral populations that differ widely in size and diversity. Further, it was
demonstrated that variation in PI viral populations could be used as a quantiﬁable phenotype. This
observation makes it possible to test the correlation of this phenotype to other phenotypes such as
growth rate, congenital defects, viral shed and cytokine expression.
Published by Elsevier Inc.
Introduction
Bovine viral diarrhea viruses (BVDV) are differentiated into two
species (BVDV1 and BVDV2) within the Pestivirus genus of the family
Flaviviridae. Both species infect a wide range of ruminant hosts with
infection of cattle causing signiﬁcant economic loss to producers
worldwide (Gunn et al., 2004, 2005). Exposure to BVDV can result in
both acute and persistent infections (McClurkin et al., 1984). Persis-
tent infections are the consequence of in utero exposure during the
ﬁrst trimester of gestation. Persistent infections are maintained
because the fetal immune system develops a tolerance for viral
proteins that lasts for the life of the animal. Clinical presentation in PI
animals runs the gamut from clinically normal and thriving to ill
thrift with multiple congenital defects that include reduced growth
rates and abnormalities of hair, skin and the skeletal nervous system
(Evermann and Barrington, 2005). The reason for the variation in
clinical presentation is unknown, but it is hypothesized that strain
and fetal developmental stage at the time of infection may play a
part. Because of the expense and difﬁculty in generating PI cattle,
variation in clinical presentation in PI's is largely unstudied. Life long
tolerance, as opposed to latency or chronic infection of immunolo-
gically privileged tissue, is a phenomenon that is unique to pesti-
viruses. Study of the mechanisms involved in establishing and
maintaining persistent infection has the potential to signiﬁcantly
expand our understanding of immune functions.
Similar to other viruses with single stranded RNA genomes,
BVDV isolates exist as quasispecies, or a swarm of individual
viruses, each with variable numbers of nucleotide variations. In
addition to the marked variation in clinical presentation
(Evermann and Barrington, 2005), PI animals also vary in the
amount of virus associated with circulating white blood cells
(Bolin and Ridpath, 1990) and in their ability to transmit virus to
naïve co-horts (Rodning et al., 2010). There is little information on
the mechanisms that result in variations among PI animals and it
is not known whether variations are due to differences in viral
strains or host factors or a combination of the two. While it is
apparent that not all persistent infections have the same outcome,
there are few studies comparing variation among PI animals due
to the expense and time involved in generating PI's. Another
challenge is identifying measurable phenotypes that reﬂect viral
variation within PI animals. In this study we compared the size
and complexity of the viral populations circulating within PI's
generated in the same outbreak. In this outbreak, 34 PI cattle were
generated following an introduction of a BVDV2 ﬁeld strain into a
naïve group of heifers. This group of PI animals offered a rare
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opportunity to study variation in circulating viral populations
among PI animals infected with the same virus. In addition a
limited preliminary study was conducted that compared viral
populations in PI calves generated under controlled conditions.
The objective of these studies was to develop means that allow the
comparison of the breadth and complexity of circulating viral
populations in PI calves and then to use these means to examine
the extent of variation, in circulating viral populations, that exists
between PI calves.(Table 1).
Results
Comparison of phylogenetic results using conserved and variable
regions of the genome
Historically, variability versus conservation of pestivirus geno-
mic regions is based on comparison of nonrelated pestivirus ﬁeld
strains (Collett et al., 1988; Kirkland et al., 2007; Ridpath and Bolin,
1997). Based on comparison of nonrelated pestiviruses, the 50 UTR
is the most conserved region of the genome and the region coding
for the structural proteins, particularly the E2 protein, is the most
variable. Consensus nucleotide sequences generated from the viral
populations isolated from the 34 cattle were highly similar (Fig. 1)
regardless of whether comparison was made between highly
conserved noncoding regions (50 UTR) or portions of the genome
that tend to have a higher level of variability (E1 and E2 coding
regions). All of the viruses isolated from the persistently infected
cattle in this study segregated to the BVDV2 genotype and were
greater than 99% similar. While the viruses were highly similar
they were segregated to two distinct clades (Fig. 1). Segregation
into the two clades was consistent for viruses across all the time
points and between the two genomic regions compared.
Comparison of consensus sequences over time in the same animals
The viruses isolated from each PI animal at each time point
were compared. The nucleotide consensus sequences of virus
isolated at the three different time point from 14 of the 34 cattle
were identical to each other even in the highly variable domains of
the E2. Minor differences were observed among viruses isolated
from the other 20 cattle at different time points, with sequence
identities between viral sequences generated from the samples
from the same animal exceeding 99% (Fig. 1).
Comparison of sequences making up the quasispecies – initial
alignment of predicted amino acid consensus sequences to reveal
variable residues
Comparison of consensus sequences, by deﬁnition, does not
give information on minority variants. One of the possibilities for
the observed segregation into two clades was that the viral
populations from the two clades actually include the same
individual viral variants but in different proportions which results
in different consensus sequences. To compare the variants that
made up the viral populations isolated from different animals, four
animals each were selected from the two clades. Initially align-
ment was done based on predicted amino acid sequences derived
from the consensus sequences generated from the E1/E2 coding
region. The predicted amino acid sequences were used for com-
parison so that only variations that resulted in amino acid changes
were analyzed. Alignment of the predicted E1/E2 amino acid
consensus sequences from the eight PI animals' viruses and
5 unrelated BVDV2 ﬁeld strains are shown in Fig. 2 (predicted
amino acid residue are numbered based on position in the viral
polyprotein). As expected, more variation was observed between
unrelated ﬁeld strains than among the eight sequences from the PI
animals. The alignment with ﬁeld strain was done to determine if
residues that varied among the PI consensus sequences also varied
among nonrelated BVDV strains. Variations among the PI con-
sensus sequences were observed at 11 positions. Six of these
residues also varied among nonrelated strains and ﬁve did not,
demonstrating that difference among the PI concensus sequences
were not restricted to hypervariable residues. Variation among the
amino acid consensus sequences for PI viral populations were
limited with more variation observed between clade 2 consensus
sequences than among clade 1. Unlike nonrelated ﬁeld strains, all
eight consensus sequences, for viral populations isolated from PI
animals, were identical in the E1 region compared (predicted
amino acid residue positions 624 to 692). Variation in the E2
region it was limited to 11 amino acid residues, three in domain I
of E2 (predicted amino acid residue positions 693–783) and eight
in domain II (amino acid residues 784–861). Of these variations,
four were clade speciﬁc (778, 833, 853 and 888), two were
observed in two or more members of clade 2 but not all members
(724 and 832) and ﬁve were variations that were only observed in
the consensus sequences of one virus from clade 2.
Comparison of sequences making up the quasispecies - comparison of
variety of sequences found within viral populations
To determine if the 11 variations observed in the consensus
predicted amino acid sequences were present as a minority in the
viral population, amplicons were cloned and at least 100 clones
were sequenced. It should be noted that each sequence used in the
analysis was derived from a single virus and not assembled from
short reads generated from a quasispecies library as is done with
next generation sequencing. This was done in order to enable the
true phylogenetic proﬁles to be assembled and to allow compar-
ison of individual viruses within the population. Hereafter the viral
populations isolated from each PI animal will be referred to by the
PI animal's number. The results of sequence comparison of clones
at each of the 11 positions is summarized in Table 2. Comparison
of variation among the cloned sequences at the 11 positions that
varied among the concensus sequences suggests that the 8 popula-
tions are composed of separate and distinct populations not just
populations containing the same variants in different proportions.
This is illustrated by comparison of position 701 in the consensus
sequence for 41Y differed to the consensus sequences for the other
7 populations. All of the clones of 41Y had histidine in this position
while all the clones from the 7 other viruses had glutamine.
The existence of distinct viral populations in each of the
8 animals can also be observed by performing a phylogenetic
analysis of the cloned sequences from the 8 different amplicons as
shone in Fig. 3. Sequences from the clones derived from each viral
population are segregated into distinct groups. While there is
overlap between clone sequences from 75W and 5Y, there is a
Table 1
Primers used in viral genomic ampliﬁcation.
Primer sequence Genomic
position
50 UTR primers (Ridpath and Bolin, 1998)
Forward 50-GGC ATG CCC ATA GTA GGA C-30 90
Reverse 50-GGC CAT GTG CCA TGT ACA G-30 368
Product
size
275 base pairs
E1/E2 primers
Forward 50-GGA ACT GGT GGC CAT ATG AGA CGA C-30 2256
Reverse 50-GGC TCT GAG TTG AAG AAG TCG TAG CC-30 3081
Product
size
877 base pairs
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Fig. 1. Dendograms showing comparison of consensus nucleotide sequences for viral populations in ﬁrst and third samples collected from 34 PI cattle. Portions of the
genome coding for the 50 UTR (a) or E1/E2 (b) regions were ampliﬁed from viral populations circulating in the serum of persistently infected cattle, sequenced and compared.
Sequences are listed by the ear tag number of the animal followed by 1st or 3rd. The designation 1st or 3rd refers to the bleed dates of September, 2004 (1st) or March, 2005
(3rd). The phylogenetic analysis was done using nucleotide consensus sequences generated directly from PCR amplicons. Sequences were also generated from the second set
of samples but were not included in this ﬁgure due to space constraints. The evolutionary history for each tree was inferred using the UPGMA method (Sneath and Sokal,
1973). Optimal trees with sums of the branch length 0.2 are shown. Trees are drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic trees. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and are in the units of
the number of nucleotide substitutions per site. Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).
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difference in the degree a variation within these viral populations
as illustrated by the length of branch points.
While the phylogenetic analysis reﬂects the sequence conser-
vation between clones across the whole region compared, another
way to compare the viral populations from the 8 animals is to look
at the prevalence and location of variation at each residue (Fig. 4).
The pattern of variation and extent of variation per residue is
unique for each viral population. The most heterogeneous popula-
tions, based on number of variable residues and prevalence of
variation at those residues, were 41Y and 79W. Both of these
Fig. 2. Alignment of eight PI viral population consensus sequences (four from each clade) and ﬁve ﬁeld strains. Predicted amino acid sequences from the E1/E2 region (amino
acid residues 624–861) of the viral populations circulating in serum from selected PI cattle (four from each clade) were derived from the consensus sequences generated by
direct sequencing of the PCR amplicons. Allow comparison of variation observed among PI viral populations to that observed between unrelated ﬁeld strains, sequences from
BVDV2 ﬁve ﬁeld strains were also aligned (GenBank accession numbers shown following names of ﬁeld strains). The 11 amino acid residue positions that varied between the
eight consensus sequences of the PI viral populations are boxed.
Table 2
Residues that differ between consensus sequences.
701 724 778 832 833 848 853 855 869 883 888
Clade 1 5Y (147) Consensus Q L I Q V T P G H D T
Variant L P None L None None Q R None G None
% of clones 0.7 13.6 0 6.1 0 0 0.7 4.8 0 0.7 0
67Y (117) Consensus Q L I Q V T P G H D T
Variant None P M L A None Q R None G I
N K
% of clones 0 2.6 0.9 3.4 0.9 0 0.9 0.9 0 4.3 3.4
0.9 0.9
75W (111) Consensus Q L I Q V T P G H D T
Variant None P M L None None Q E None G K
N
% of clones 0 0.9 0.9 22.5 0 0 0.9 18 0 10.8 1.8
0.9
91W (124) Consensus Q L I Q V T P G H D T
Variant None None None None None None S None None G None
% of clones 0 0 0 0 0 0 0.8 0 0 31.4 0
Clade 2 41Y (125) Consensus H P M L A A Q G H D K
Variant None L T Q V V P R Y G Y
I T N
% of clones 0 2.4 3.2 1.6 3.2 5.6 1.6 19.2 8.8 2.4 2.4
3.2 3.2 2.4
50Y (136) Consensus Q P M L A T Q G H D K
Variant H L I Q V None K R None N T
P E G
% of clones 0.7 41.9 0.7 0.7 0.7 0 1.5 8.2 0 34.6 0.7
1.5 1.5 10.3
68W (104) Consensus Q L M Q A T Q G H A K
Variant None P I L None None None None None G None
H K
% of clones 0 6.7 7.7 9.8 0 0 0 0 0 9.6 0
1.0 1.0
79W (108) Consensus Q L K Q A T Q R Y G K
Variant None M None None None None None A None
P I D
H T T
% of clones 0 20.3 38.0 0 0 0 0 0 22.2 0
11.1 10.2
1.8 0.90.9
Number in parenthesis under PI name is the number of clones that were sequenced.
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populations are in clade 2. However, the most homogeneous
population 68W was also segregated to clade 2. While population
heterogeneity did not appear to be clade dependent, based on
phylogenetic analysis, the populations from clade 1 appeared to be
more closely related than the populations from clade 2. It is
interesting to note that while no variation was observed in the
consensus sequences for the E1 region ampliﬁed, comparison of
sequences from the clones revealed variation. Variation in the E1
region was most notable in 79W.
Variation in viral populations in inoculum virus (virus used to
inoculate dams) and viral populations in persistently infected calves
While differences in the location and prevalence among PI
animals suggest that the diversity of viral population is associated
with host factors, a shortcoming of this study, based on samples
collected from the ﬁeld outbreak, is that the consensus sequence
and heterogeneity of the infecting virus is unknown. The high
similarity observed among the consensus sequences for the
viruses isolated from the PI animals generated in this outbreak
indicates that all infections can be traced back to a single BVDV
ﬁeld strain, however, we do not know whether all animals were
infected at the same time from the same source. That is, some
animals may have been infected initially from whatever source
introduced the ﬁeld strain and some animals may have become
infected via transmission of virus from animals that were infected
by the initial source. To address this concern a small-scale study
was done in which two pregnant heifers were infected in the ﬁrst
trimester of gestation with the same BVDV2 inoculum. Serum was
collected from the two resulting PI calves (identiﬁed as calves # 48
and 47) when they were three weeks of age. The regions coding
for portions of the E1 and E2 coding were ampliﬁed from the
serum of the PI's and from the inoculum (identiﬁed as RS886
inoculum) used to infect the two dams. The consensus sequences
of the predicted amino acid residues were identical. The amplicons
were cloned (144 clones of RS886 inoculum, 148 clones of PI #47,
146 clones of PI #48) and sequenced. Phylogenetic analysis was
then conducted using the predicted amino acid sequence gener-
ated from plasmids cloned from the amplicon (Fig. 5). Based on the
dendograms, the viral populations present in the two PI calves
(Fig. 5b and c) are different from each other and from the
population making up the inoculum (Fig. 5a). The PI #47 is
noticeably more homogeneous than the other two viral popula-
tions. While, the viral populations of PI #48 appears more similar
to the inoculum viral population there are differences in the level
of heterogeneity. There are more clones in the PI #48 population
that are identical to each other than in the inoculum population. In
the PI #48 population 54% of the clones were segregated to groups
of 44 identical clones and these group of clones with identical
sequences were made up on average of 10 clones. In the inoculum
population 44% of the clones were segregated to groups of 44
identical clones and those groups of identical clones contained
5 clones on the average. While the number of PI's populations
analyzed in this small scale study is not sufﬁcient for a statistical
analysis, the study does illustrate that two PI calves resulting from
inoculation with the same viral stock at the same stage in
gestation can have very different viral populations.
Discussion
Animals persistently infected with BVDV differ in viral load
(Bolin and Ridpath, 1990), ability to transmit virus to naïve co-
horts (Rodning et al., 2012) and types of congenital defects
(Evermann and Barrington, 2005; Moennig and Liess, 1995).
Previously, the PI's, upon which this study is based, were evaluated
for clinical presentation. Differences in growth rate, survival and
development of mucosal disease were observed. The PI's were
born over a 2 month period, suggesting that fetuses may have
been at different gestational stages during the time of exposure.
No correlation was found between clinical presentation and birth
date. In this study, the concensus sequences from the 34 PI's were
segregated into two clades. No correlation was observed between
clade designation and clinical presentation. When the size and
complexity of viral swarms were compared between 8 of the PI's
(4 from each clade) none of the eight circulating populations
looked similar. Similarly, PI animals generated under controlled
conditions using the same viral strain, had viral swarms that were
markedly different in size and complexity. The observation of such
variation both in circulating viral populations in PI animals
generated in a ﬁeld outbreak resulting from presumably the same
source virus and in PI animals generated under experimental
conditions indicate that host factors are in play. This is not
surprising as the establishment and maintenance of persistent
infections requires the interaction of multiple components in the
host immune system. However, the extent of the variation was
unexpected.
While previous studies have sought an association between
host genomic regions and the tendency of a bovine fetus to
become persistently infected (Neibergs et al., 2011; Zanella et al.,
2011) a more productive approach may be to look at association
between host genomic regions and the maintenance and outcome
of persistent infection. The maintenance of life long persistent
infections requires lifelong adaptation of immune function. It has
been shown that fetal infections induce differential gene expres-
sion in lymphoid cells that impact immune development and
growth (Hansen et al., 2010). The different clinical presentations
seen in persistently infected animals generated in the same BVDV
Fig. 3. Variation of E1/E2 sequences within circulating viral populations as
illustrated by comparison of sequences detected within amplicons. Dendograms
represent phylogenetic analysis of predicted amino acid sequences from E1/E2
regions derived from sequencing of plasmids cloned from PCR amplicons. The
evolutionary history was inferred using the Minimum Evolution method (Rzhetsky
and Nei, 1992). The optimal tree with the sum of branch length of 0.2 is shown. The
tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Poisson correction method (Zuckerkandl and
Pauling, 1965) and are in the units of the number of amino acid substitutions per
site. The tree was searched using the Close-Neighbor-Interchange (CNI) algorithm
(Nei and Kumar, 2000) at a search level of 1. The Neighbor-Joining algorithm
(Saitou and Nei, 1987) was used to generate the initial tree. Evolutionary analyses
were conducted in MEGA5 (Tamura et al., 2011).
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outbreak may be associated with host factors that control immune
functions that must be up or down regulated in the process of
developing and maintaining immunotolerance while simulta-
neously maintaining growth, reproductive and other immune
functions. Genetic predisposition may play into an animal's ability
to withstand persistent infection and modulate/minimize the
impact of persistent infection on other functions. Data suggests
that persistent infection leads to chronic up-regulation of type I
IFN, which can act as a growth-suppressant (Hansen et al., 2010).
The genetic predisposition of an animal to modulate chronic up-
regulation of type I IFN could be associated with the different
growth rates observed among PI animals. A comparison of cyto-
kine levels in spleens of normal and PI animals revealed that
innate immune responses, as measured by ﬁve interferon and
apoptosis related mRNA's, were upregulated in PI animals
(Yamane et al., 2008). This upregulation was positively correlated
with viral RNA levels. Chronic up regulation of cytokine levels may
have other downstream effects, outside of immunotolerance of
BVDV. The PI's ability to modulate such downstream affects could
impact its growth and ability to respond to stress and secondary
infections. Surviving persistent infection requires that the animal
compensate for the physiological cost of maintaining immunoto-
lerance and adapt remaining immune functions so that immune
response to other pathogens is possible.
The study of PI cattle is important to the elucidation of
immunotolerance and the organization and hierachy of the
developing immune system. However, the study of PI animals
has been hampered by the limited number of phenotypes available
for analysis. The size and diversity of the circulating viral popula-
tion within PI animals is a quantiﬁable phenotype that can easily
be compared between PI's. Determining if there is a correlation
between this phenotype and other phenotypes such as growth,
viral shed and cytokine expression may help us to begin to unravel
the tangled array of host processes that are involved in the
maintenance of immunotolerance and suppression of immune
responses.
Recognizing that there is marked variation in the size and
complexity of viral swarms among PI animals is an important
observation. The degree of variation observed indicates that there
is not a “one size ﬁts all” scheme that leads to the establishment
and maintenance of persistent infections. The necessity of main-
taining an immunotolerance speciﬁc to a pathogen that replicates
in nearly all of its tissue while simultaneously retaining the ability
to respond to other pathogens requires a complex choreography of
multiple systems. The phenotype described in this paper can be
used to study the yin and yang involved in that choreography.
Further studies, will use samples from the PI's generated in this
outbreak to explore correlation between viral population differ-
ences and other phenotypes such as clinical presentation, circulat-
ing cytokine levels and viral shed. Host genome association studies
will be done to determine if there is a linkage between genetic
regions and viral population characteristics.
Fig. 4. Level of variation per residue position among viral population circulating in serum of 8 PI cattle. The percentage of variation for each predicted amino acid residue
position was calculated by comparing sequences from plasmids cloned from amplicon of E1/E2 region. The residue position in the polyprotein is shown in the horizontal axis
while the percent variation observed in that residue position is shown in the vertical axis. Panel a shows the results from viral populations in clade 1. Panel b shows the
results from viral populations in clade 2.
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Materials and methods
Description of outbreak and sampling of PI animals generated during
a ﬁeld outbreak of BVDV
The outbreak occurred in a group of 136 bred heifers, of unknown
vaccination status, assembled by a cattle buyer and purchased in
2004 to increase a research herd (Kane et al., 2015). Between March
and May of 2004, 128 live calves were born of which 8 died as
neonates. A total of 41 out of the remaining 120 calves tested positive
for persistent BVDV infection based on positive tests on 2 samples
collected at least two weeks apart. Of this group, 34 survived long
enough to have blood samples collected in September and December
of 2004 and March of 2005. Viral RNA prepared from serum samples
collected at each time point, was ampliﬁed and partially sequenced
as described below.
Fig. 5. Dendograms of viral populations present in the inoculum used to infect two pregnant dams and the viral populations circulating in the serum of the resulting PI
calves. A freeze thaw lysate of cultured cells infected with the noncytopathic BVDV2 ﬁeld BVDV2-RS886 was used to infect two pregnant heifers in the ﬁrst trimester of
pregnancy. An amplicon of the E1/E2 region generated from RNA prepared from this inoculum was cloned into plasmids and sequenced. Phylogenetic analysis was then
conducted using the predicted amino acid sequence generated from plasmids cloned from the amplicon. The evolutionary history was inferred using the Minimum Evolution
method (Rzhetsky and Nei, 1992). The optimal tree with the sum of branch length of 0.2 is shown. The tree is drawn to scale, with branch lengths in the same units as those
of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method (Zuckerkandl and Pauling,
1965) and are in the units of the number of amino acid substitutions per site. The tree was searched using the Close-Neighbor-Interchange (CNI) algorithm (Nei and Kumar,
2000) at a search level of 1. The Neighbor-Joining algorithm (Saitou and Nei, 1987) was used to generate the initial tree. Evolutionary analyses were conducted in MEGA5
(Tamura et al., 2011).
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Generation of PI animals under experimental conditions
As this outbreak was only detected as PI animals were born into
the herd, the source isolate that started the outbreak was not
available. Thus, it was not possible to examine differences between
the infecting virus population and the virus population in the
resulting PI animals. To examine this question, two PI calves were
generated under controlled experimental conditions. These ani-
mals were generated using the noncytopatic BVDV2 strain RS886
(BVDV2-RS886). This strain was isolated from a PI calf originating
in the state of Iowa in the US (Liebler-Tenorio et al., 2004).
Persistently infected calves were generated by infecting naïve
heifers at about 70 days of gestation by nasal inoculation, as
described previously (Bauermann et al., 2014).
Generation of viral sequences
Total RNA was prepared from serum samples using a robotic
workstation (Qiacube, Qiagen, Hilden, Germany) for automated
RNA puriﬁcation by a spin-column system (QIAamp Viral RNA Mini
Kit, Qiagen, Hilden, Germany) according to the manufacture's
recommendations as described previously (Bauermann et al.,
2014). PCR ampliﬁcation was conducted using the primers listed
in Table 1. Primers ampliﬁed a portion of the 50 UTR and a portion
of the genome that coded for the E1 and E2 structural proteins.
These two genomic regions were selected because the 50 UTR
region represented the portion of the genome that was least likely
to vary between BVDV isolates and the E1/E2 region ampliﬁed
included regions of the genome most likely to vary between BVDV
isolates, speciﬁcally E2 domains I and II. Cycle conditions were as
previously published (Bauermann et al., 2014). PCR products were
initially sequenced directly to determine the consensus sequence.
To observe variation within circulating viral populations, PCR
products were cloned using a commercial kit (StrataClone Blunt
PCR Cloning Kit, Invitrogen, Waltham, MA). Following cloning at
least 100 colonies were grown up and the DNA extracted using a
commercial kit (Qigen QIAprep 96 Turbo Mini Prep, Qiagen,
Hilden, Germany).
Double stranded DNA's were puriﬁed and concentrated using a
Geneclean Spin Kit per manufacturers instructions (MP Biomedi-
cals, Solon, Ohio) followed by quantiﬁcation using the Pico Green
assay for ds DNA (Invitrogen Corporation, Carlsbad, CA). The
appropriate quantity of dsDNA was labeled in both directions
using Big Dye terminator chemistries (Applied Biosystems Inc.,
Foster City, CA) according to the manufacturer's instructions. The
labeled products were sequenced using an ABI 3100 genetic
analyzer (Applied Biosystems Inc.). All sequences were conﬁrmed
by sequencing both strands and all sequencing reactions were run
in duplicate. Sequences were submitted as batch ﬁles to GenBank.
The trace identiﬁer (TI) numbers assigned by NCBI are 2342818333
through 2342819716 and 2342834788 through 2342837489.
Sequences were edited and aligned using Sequencher 4.2 (Gene
Codes Corporation, Ann Arbor, MI). Final phylogenetic and mole-
cular evolutionary analyses were conducted using Mega version
5.0 (Tamura et al., 2007).
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